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Abstract
Microwave signals can be photonically generated inside a quantum dot, passively
mode locked laser. In order for this laser to be used as a microwave source, a
microwave interface was created and connected to the laser. To characterize the
source, its output microwave impedance was measured by using the load-pull technique. Also, the device was characterized in terms of output power, frequency and
linewidth. The output frequency of the generated signal was 5GHz with a linewidth
<2MHz. The output power that was extracted was as high as -6dBm without any
further amplification. An active antenna element was connected to the laser to transmit the generated microwave signal. In addition, the injection locking of the laser to
an external source was studied and demonstrated, as a way to increase the stability
of the output microwave signal and to amplify its power by combining the output
signals of multiple locked sources. Further applications of the laser as a feeding
source in an antenna array were studied by building a quantum dot laser fed active
microwave antenna array with injection locked sources.
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Chapter 1
Introduction

1.1

Overview

The photonic generation of microwave signals is a promising, although not a new,
area of research. It involves the research of different applications that use optical
components to generate microwave signals [23]. There are many advantages in using this technology to produce microwave signals, the main of which are the output
signal stability, low phase noise and relatively small linewidth, with a cost that is
much smaller than the cost of the microwave systems with similar characteristics
[23]. Furthermore, incorporating optics in a microwave system allows for very fast
reconfigurability and tunability, where as an example the generated frequency of a
source can be tuned to any point in the spectrum. But the use of such sources can
also have indirect applications in other microwave components and systems, one of
which is antennas and arrays. In antenna array applications, the microwave signal
amplitude and phase can be very quickly reconfigured, changing the antenna radiation pattern and other characteristics [20, 21, 23]. Because the processing is being
done in optics, it can be done fast and accurately. The bandwidth in these antenna
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arrays is also very high, since the phase differences occur from “true time delays”
[20, 21, 23], while the cost of the system remains low. Finally, these systems can be
immune to radiation and they also have low losses, allowing for remote connections
and control [23].
One optical component that is shown to produce microwave signals is the Quantum Dot, Passively Mode Locked laser [6, 10, 14]. The system is very compact, since
the microwave signal is being generated from a section of the laser, contrary to most
modern applications of microwave generation from lasers where the lasers are emitting light in external photo-detectors. From the microwave point of view, the main
advantages of using a QDMLL as a microwave source can be summed up as follows
[10, 6]:
• Compactness - The laser submount has a size of 5mm x 8mm
• Low cost - A laser can approximately cost a couple of thousand dollars, contrary
to the expensive microwave components
• Low phase noise (jitter)
• Tunable output frequency
• Tunable output power
• Microwave signal locked with the optical pulse train of the laser
• High optical - to - electrical conversion efficiency

Although research on the subject has been done in the past, one of the major
problems associated with the QDMLL generated microwave signal was the power
level [10, 12, 11, 13]. Furthermore, the injection locking capabilities of the QDMLL
as a microwave source, which is an essential step in power combining of multiple

2
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lasers in microwave applications, had never been presented in the past. In this thesis
work, the research goals were mainly to effectively characterize the QDMLL as a
microwave source, to extract more power from it, transmit it through antennas, and
to research the injection locking properties of the device for further amplification
of the signal and applications in antenna arrays. In Chapter 2, a description of the
quantum dot mode locked laser is given. The basic characteristics of this type of laser
device are being discussed and the generation of the microwave signals is explained.
The actual characterization of the laser as a microwave source is being presented
in Chapter 3. Following this analysis and measurements, Chapter 4 describes the
experimental procedure used to transmit the generated signals through antennas.
Chapter 5 describes the study and research of injection locking involving the QDMLL
where active mode locking is being used to lock the laser device in frequency with
a reference microwave signal.The injection locking properties and graphs for the
QDMLL are extracted and shown. The design and implementation of an active,
QDMLL fed microwave antenna with locked sources is presented in Chapter 6 and
the beam steering capabilities of the antenna are researched. The conclusions as well
as ideas for future work are discussed in chapter 7.

3

Chapter 2
Quantum Dot Mode-Locked Laser

2.1

Basic Laser Theory

Any oscillator device comprises of two major components, a resonator and an amplifier connected together in a feedback configuration. The resonator is responsible
for producing the resonance at the required frequency. If the resonator is externally
triggered it will produce a resonance at its output that will decay due the internal
loses of the resonator until it reaches zero. To constantly produce a stable output at
the resonant frequency without any power decay, an amplifier needs to be connected
to the resonator to compensate for the losses. The final linewidth of the generated
signal from the oscillator depends on the time duration of the uninterrupted output
of the oscillator [16, 8].
In a laser, a Fabry-Perot cavity is acting as a resonator. The cavity is being
formed by two mirrors facing each other, where the light can resonate in between
them. The amplifier is a semiconductor diode. The semiconductor amplifier is placed
inside the Fabry-Perot cavity in between the two mirrors [16]. A diagram of the laser
is given in figure 2.1.
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Figure 2.1: Fabry-Perot laser cavity and amplifier medium

Because the amplifier is placed inside the laser cavity, the light is constantly
getting amplified and the there is no need for external feedback configuration. For
the laser diode to amplify the signal, a biasing current above its threshold condition
needs to be applied. The lasing state occurs when the gain of the diode equals its
losses, or equivalently in the “population inversion” condition. Since the laser is
based on the stimulated emission it has a narrow and highly directed output, narrow
optical spectrum, high efficiency and high speed [16].

2.2

Quantum Dot Lasers

Although the discussion of Quantum Dots is beyond the scope of the current work,
it is essential to mention that laser diodes based on QD materials show some unique
properties such as ultra low current threshold, temperature insensitive operation,
high material gain and differential gain, a decreased line width enhancement factor,
an ultra-bras bandwidth and easily saturated gain, and absorption [10]. As quantum
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dot structure is shown in figure 2.2.

Figure 2.2: Quantum Dot structure

2.3

Mode Locking in lasers

Inside the laser cavity, if we assume that there isn’t any additional material or amplifier, all of the resonant modes will exist when the cavity is constantly getting
excited. When the semiconductor amplifier is placed in between the two mirrors the
gain envelope of the amplifier will be added to the frequency spectrum [16]. The
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frequency spectrum of the laser will have the general form of figure 2.3.

Figure 2.3: Laser cavity modes

For a pulsed output operation, the laser cavity modes need to be phase locked
together and not in random phases. As it is shown in figure 2.4, the laser will only
produce a CW output if the cavity modes are not phase locked together.

7
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Figure 2.4: CW and pulsed operation of the laser depending upon the locking of the
phase of the modes

A laser can be either passively or actively mode locked. In active mode locking an
external signal is modulating the laser to synchronize the pulse round trip. In passive
mode locking, a nonlinear passive element is being used to form the pulses. In the
current work, a passively mode locked laser was used and the mentioned nonlinear
element is called the absorber section of the laser [6, 10].

2.4

RF Generation in QDMLL

The geometry of the quantum dot mode locked laser is shown in figure 2.5.
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Figure 2.5: The Quantum Dot Mode Locked laser geometry

As we can observe, the absorber section of the laser is inside the cavity. Since
the absorber section is part of the laser diode, with the only difference that it is
isolated and reverse biased, we can claim that it is acting as a photodetector diode.
To understand the microwave signal generation effect, we can both see it in time or
in frequency domain. In time domain, which allows for a more intuitive feel of the
effect, an optical pulse is traveling back and forth in between the mirrors. Each time
the optical pulse passes through the absorber section, it is generates EHP inside the
absorber. These EHPs are being swept out of the absorber by the external biasing
voltage. Since the repetition frequency of the pulse trip is determined by the cavity
length and more specifically is f =

c
,
2ng L

the length of the cavity is going to determine

the frequency of the generated signal [16, 10].
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In frequency domain, the cavity modes that were shown in figure 2.3 exist inside
the absorber section. In that case the output of the absorber diode is going to be
the beating frequency of the cavity modes. Again, since the spacing in frequency of
the resonant cavity is f =

c
,
2ng L

that is also going to be the fundamental frequency

of the generated microwave signal [16, 10].

10

Chapter 3
Microwave Characterization of the
QDMLL

3.1

Introduction

In order for the QDMLL to be used as a microwave source, we need to characterize the device. In the following sections, the required microwave components that
were designed for that purpose as well as the experimental setup that was used are
presented. For the characterization of the QDMLL as a microwave source, the output impedance, the resonant frequency, the linewidth and the output power of the
generated microwave signal had to be acquired. The chapter starts by explaining
the basic theory of the method that was used to experimentally measure the output
impedance of the source (the load-pull technique). It then describes in detail the
experimental procedure, step by step, and presents how each one of the components
of the experiment functions. Finally, it sums up the results that were acquired.
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3.2

Experimental Setup and Load-Pull Measurements

In order for the frequency, the power and the line width of the microwave signal of the
QDMLL to be measured, an electronic spectrum analyzer was used. Furthermore, the
electronic spectrum analyzer along with a microwave tuner was used to measure the
output microwave impedance of the absorber, contrary to the the commonly used for
impedance measurement device, the network analyzer. The network analyzer can be
used to accurately measure the input or output impedance at a given reference plane
of any passive device that operates in the microwave region. This is accomplished
be simply sending a reference signal to the device and then comparing it to the
reflected from the device, thus acquiring the reflection coefficient of the specific port
of the device. The absorber section of the laser though, is an active microwave source
which constantly emits a signal. This makes it impossible for its microwave output
impedance to be measured by using the conventional network analyzer technique.
The reflected signal of the absorber is combined erratically with the emitted signal,
leading to S-parameter fluctuations. A measurement of the S11 parameter of the
absorber, while the QDMLL is lasing, is given in figure 3.1.
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Figure 3.1: Fluctuations in the measurement data - S(1,1) caused by the absorber of
the laser device while trying to measure its output impedance by using the network
analyzer and the laser is in a lasing mode - active. Range from 4.6GHz to 5GHz

Also, since the absorber section of the QDMLL is acting as a reverse biased
photodiode, its microwave impedance depends on the biasing voltage of the diode
as well as the light that the diode absorbs [16]. This makes the impedance of the
diode directly related to the voltage biasing of the absorber section as well as to
the current biasing of the active region of the laser, declaring any network analyzer
measurements of the device while it’s not lasing inaccurate.
Another problem that arises is the possible difference between the “conjugate”
matching and the “loadline” matching conditions for the specific device. Simply,
the conjugate matching can be considered to be the matching which delivers the
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maximum power to the load, but this is only true for the completely unrestricted
devices with no output current or voltage limitations [18, 8, 5]. In real devices this is
not the case and one must know if the conjugate matching value will lead to currents
or voltages above the device limits. If the load is such that for example the output
current of the device reaches its limit before the output voltage, the device is not
being used to its full efficacy [5]. For the output power to be maximum, both the
output current and voltage need to be maximum at the same time, so the load value
for maximum power transfer should be:
Ropt = Vmax /Imax

(3.1)

where it has been assumed that Rgen >> Ropt . If Rgen is taken into account, the
following equation needs to be solved in order for the loadline match to be found:
Vmax
Rgen · Ropt
=
Rgen + Ropt
Imax

(3.2)

According to the above analysis, even if the impedance measurement could be
done with the use of a network analyzer or even if an analytical equivalent circuit
model for the laser absorber section at the microwave frequency of interest was available, the conjugate matching to this given value of the impedance could potentially
yield lower power transfer than the possible maximum. Additionally, in order to
know if the conjugate matching leads to currents or voltages larger than the device
limits so the loadline match can be used, one needs to know the maximum current
and voltage values that can be supported by the absorber section of the laser. These
values are also unknown for the specific laser device, since a breakdown test of the
absorber had to be avoided.

3.2.1

Load Pull Measurements

The problems in the impedance matching described above can be solved by using the
load-pull measurement technique. The “art” of load-pull measurements is old and it
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originates from the early power amplifier design years. It started as a method that
that allowed the determination of the proper power match for any transistor device.
In the small signal amplifier design the nonlinearities in the transfer function of the
transistor are characterized as “weak” and they can be easily ignored. But, as the
signal power in the input and output of the transistor increases, these nonlinearities
become more evident. Furthermore, the physical limits of the device in terms of
current and voltage are likely to be reached as the signal power becomes significant.
As stated in the previous section, this leads to a difference between the power match
needed for maximum output power and the conjugate match needed for maximum
gain in small signal designs. With the load-pull method this nonlinear problem is
transformed into a problem that can be solved with linear techniques [7, 5].
In its most simple form, the load-pull measurement setup consists of the device
under test and a calibrated tuning circuit connected to the device’s output port
[5]. This tuning circuit is responsible for presenting a different load termination to
the device each time. While the device is terminated at a specific load, a set of
measurements are made. In this way, the load is varied and the actual behavior of
the device is being measured, contrary to other techniques discussed above where the
required load impedance is calculated or predicted based on the output impedance
measurement data [7, 5]. It is now clear that the main disadvantage of the load-pull
method is that it is time consuming, since measurements need to be done for a large
set of different impedances. On the other hand, the behavior of the device doesn’t
need to be predicted from theory, which would in reality involve nonlinear analyses
and models as well as physical limitation calculations, but it is measured so the
device can be accurately tuned/matched to the load for an optimum behavior. It is
important to note that the accuracy of the load-pull technique is mainly based on
the accuracy of the tuning circuit and how large its impedance set is [7].
Moving one step forward, we can distinguish between the fundamental and har-
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monic load-pull measurements. In reality each oscillator or amplifier will be presenting a number of harmonic frequencies to its output. In the fundamental load-pull
tuning the the load impedance of the device under test is being tuned only at the
fundamental frequency. In harmonic load-pull tuning, the impedance at the fundamental as well as at some harmonic frequencies is being adjusted in a controlled
environment [1, 5]. Although even a fundamental LP tuner has a certain impedance
at the harmonic frequencies, this impedance is not controlled and in that way each
fundamental LP tuner has its own “harmonic signature”, different than the others.
As far as the implementation is concerned, the LP tuners cam have different forms.
They can be mechanical which can be tuned manually or electronically.

3.2.2

Experimental Setup

As it was mentioned above, the goal of the current experiment is to measure the
microwave impedance of the absorber section of laser, provide the best possible match
for it for maximum power extraction and then measure the output power, frequency
and linewidth of the generated microwave signal. The load-pull measurements are
performed first, so the matching impedance is determined. Then, under the correct
matching conditions the generated signal characteristics are measured. The LP tuner
that was used was a fundamental tuner, with the ability to tune the output impedance
of the laser at only one frequency (5GHz). A diagram of the experimental setup is
given in figure 3.2.
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Figure 3.2: Main experimental setup diagram for load-pull measurements, impedance
matching and acquisition of the generated signal characteristics for the quantum dot
mode locked laser

The microwave signal is being generated at the absorber section of the laser and
between the upper absorber pad and the ground of the laser. To be able to extract
the microwave signal out of the absorber, a microwave interface needs to be built
and connected to the absorber section. For this purpose, a microstrip transmission
line of 50Ω was fabricated and an SMA connector was attached to one of its ends.
The other end, which remained open, was wirebonded to the upper absorber pad of
the laser device. Both the laser and the microstrip line structure were mounted on
the same ground plane, to allow for proper connectivity. In that way the absorber
section of the laser was extended to incorporate the microstrip line and the SMA
connector, creating a microwave interface to the laser. Any additional microwave
circuits that need to be connected to the device can be simply attached to it through
additional SMA connectors and cables. More details about wirebonding and the
microwave interface will be given in the next section.
Another required circuit that needs to be present in the consequent experiments
is the bias-tee. The laser requires DC biasing for both the active region and the
absorber section. The active region of the laser can be biased directly from a DC
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current source without any problems, since it is not connected to any of the microwave
circuits. Contrary to that, the absorber section is carrying both a DC signal for its
biasing and a microwave signal that it generates. In order to both protect the RF
equipment from the DC signal as well as avoid short circuiting the microwave signal
at the DC voltage source, a bias-tee is needed to separate the two. The bias-tee is
the first component to be connected to the circuit after the microwave interface. It
provides a path for the DC current to pass through and reach the absorber, preventing
it from reaching any of the RF measurement equipment. It also provides a path for
the microwave signal to pass through, open circuiting at the same time the DC
biasing voltage source at the microwave frequencies. Additional details about this
microwave component will be given in the next section.
For the measurements, the first and essential step is to measure the impedance.
To use the load-pull technique, the load impedance that is being presented to the
output of the microwave interface of the laser needs to be tunable. Since we cannot
approximate the output impedance of the absorber of the laser, the load-pull tuning
needs to cover the whole smith chart. An LP tuner is introduced to the circuit for
that purpose. The LP tuner is a fundamental tuner, being able to provide enough
coverage of the smith chart at the frequency of interest (5GHz). The details of the
tuner functionality are presented in the following section. For each load impedance
setting, the output power of the laser is being measured by the electronic spectrum
analyzer. The device is considered to be matched when the maximum output power
is achieved. For this setting the input impedance of the tuner including the bias-tee
is measured with the use of a network analyzer, exactly at the reference plane that is
shown in the diagram of figure 3.2. This impedance is assumed to be the conjugate
(or close to) to the output impedance of the absorber interface. After the laser is
matched and the output impedance of it has been determined, the output power, the
center frequency and the linewidth of the generated microwave signal are easy to be
acquired by simply saving the data from the electronic spectrum analyzer.
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To conclude, the experiment variables need to be presented. It is already shown
in the basic description of the experimental procedure above that the main variable
of the experiment is the load impedance connected to the output of the absorber. In
addition, the functionality of the laser is being determined by a set of factors. The
operating temperature of the laser, the biasing current of the active region as well as
the biasing voltage of the absorber will play a role in how the laser functions in both
the optical and microwave regime. From these laser factors, only the absorber biasing
voltage was chosen to be varied, since it causes a frequency and an output impedance
drift. The temperature can also cause these effects but it is something that cannot
be adjusted fast enough to have any potential benefit for the laser functionality as
a microwave source, so it was set at a specific temperature (25o Celcius) with the
use of a temperature controller and a cooler. Finally, for the biasing current of the
active region, a fixed value was selected that was allowing the laser to be in lasing
state - above the lasing threshold. The value of the biasing current can affect the
microwave and the optical power of the laser, but it was not affecting it significantly.
The table 3.1 is summing up the different viariable and factor values that have been
selected for the experiment.
Factors

Value

Temperature of operation (o C)
25
Active region biasing current (mA)
80
Absorber biasing voltage (V)
2.5, 2.7, 3.1, 3.3, 3.5
Load Impedances
240 points on the smith chart
Table 3.1: Experiment factors and variables for the experimental setup as it given
in figure 3.2

The experimental configuration is shown in figures 3.3 and 3.4.
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Figure 3.3: Lab picture depicting part of the basic experimental setup as it is given
in the diagram of figure 3.2
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Figure 3.4: Lab picture depicting part of the basic experimental setup as it is given
in the diagram of figure 3.2

3.3

More Practical Considerations and Components

The theory of the experiment of the current chapter was given in the previous section
and the role of the various components was described. The purpose of this section
is to analyse the components of the experiment in more detail and explain how they
work.

21

Chapter 3. Microwave Characterization of the QDMLL

3.3.1

Laser packages 789A-AI devices #12 & #13

The laser that was used for the experiments was a packaged quantum dot mode locked
laser. The laser device, mounted on the Aluminum Nitride submount is shown in
figure 3.5. As we can observe from the picture, the gain section of the laser has three

Figure 3.5: Quantum dot mode locked laser from the 789A-AI wafer, mounted on
the aluminum nitride submount

wirebonded connections to the pad on the submount while the absorber section has
only one. The submount pads provide a larger area for easy connectivity. Another
package that this laser can be mounted on is the so called “butterfly” package with
integrated lens for stabilized coupling. A picture of the butterfly package is shown
in figure 3.6.
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Figure 3.6: Butterfly package with the quantum dot laser mounted on it

The main characteristics of the specific QDMLL are summed up on the table 3.2.

Characteristic

Value

Wavelength (nm)
1310
Spacing between adjacent cavity modes (GHz)
5
Lasing biasing current threshold (mA)
80(#12) & 120(#13)
Laser dimensions (um x um x um )
8000 x 300 x (few microns)
AlNi submount dimensions (mm x mm)
8x5
Butterfly package dimensions (cm x cm)
2x1
Table 3.2: Operating characteristics of the quantum dot mode locked laser device
789A-AI

As an example of the laser optical output, figure 3.7 shows the optical spectrum
of the laser for two different absorber section biasing conditions, 0 and -3 Volts.
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Figure 3.7: Optical power spectrum of the laser device 789A-AI #11 as measured
by the OSA, for an absorber section biasing voltage of 0V and -3V respectively and
a gain section biasing current of 70mA

3.3.2

Wirebonding and microwave interface

To be able to extract the microwave signal from the absorber, two techniques could
be used. The first is to fabricate a package/submount for the laser that already
contains the necessary microwave components connected together and wirebond them
directly to the absorber pad of the actual laser. The second is to use a generic
package/submount for the laser that provides only a pad for the absorber to be
wirebonded to it and then wirebond this pad of the laser package/submount to an
external microwave circuit. So the main difference between the two is that the first
requires the actual laser device to be mounted to the microwave circuit which acts as
a package/submount whereas the second requires the laser package/submount as a
whole only to be connected or mounted to the microwave circuit. From the two, the
second method is the one that was chosen since it allows for more flexibility as far as
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the microwave circuit type is concerned, and for faster and easier microwave circuit
interchange for testing purposes. The wirebond connection as it was described in
the previous section, that connects the upper metallic strip of the microstrip line to
the absorber pad of the laser submount can be seen in figure 3.8. The wire that was
used for the bond is a #9 gauge wire.

Figure 3.8: Quantum dot mode locked laser submount wirebonded to a microstrip
line with a #9 gauge wire

For the microwave interface that was created, both the laser submount and the
microstrip line had to be mounted on the same ground plane. Solder was used for
mounting the microstrip line on a copper plate that was used as a ground plane. The
laser submount was mounted on the same copper plate by using In which is both
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thermally and electrically conductive. The laser submount along with the microwave
interface that was added to it can be seen in figure 3.9.

Figure 3.9: Quantum dot mode locked laser submount mounted on a microwave
interface with an SMA connector

3.3.3

Bias Tee

The bias tee is the device which is responsible for separating the dc current from the
ac current at the microwave frequencies. In the specific setup, since the absorber
pad of the laser is wire bonded to the microstrip line, both the dc absorber biasing
current and the generated microwave signal will be accommodated in this small piece
of microstrip line, making the use of a bias-tee device required.
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To construct a bias-tee circuit, one needs to provide a path that allows the microwave signal to pass through with as low losses as possible and at the same time
blocks the dc current, and another path that does the opposite and allows the dc
current to pass through but introduces high enough losses to the microwave signal to
prevent it from flowing toward the dc biasing source [2]. The bias-tee can be easily
implemented with the use of microstrip lines and a schematic of the designed bias-tee
is given in figure 3.10.

Figure 3.10: ADS schematic of a bias-tee circuit that operates at 5GHz designed
with microstrip lines

The horizontal transmission line in the schematic in figure 3.10 is a 50Ω transmission line that allows the microwave signal to pass from port#1 to port#2. In
addition, the dc is blocked with a dc-block capacitor. Port#3 is used for the dc
connection. The path from port#3 to the junction needs to be “transparent” to the
microwave signal, so it needs to appear as an open circuit at the junction. For this
to be achieved, first, a radial

λ
4

open stub is used to short-circuit the dc components

and source at microwave frequencies. Then, this short-circuit is transformed to an
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open-circuit with another

λ
4

line section. The S-parameter simulation results for the

bias-tee circuit are shown in figure 3.11.

Figure 3.11: Simulated S-parameters of the bias-tee circuit as given in figure ??

3.3.4

Impedance Tunner

As it was mentioned in the previous section, the impedance tuner that was used for
the measurements was a fundamental load-pull tuner. For a fundamental load-pull
tuner, the goal simply is the “smith chart coverage”, as completely as possible at
the frequency of interest [7]. A simple way to achieve such tuning functionality is
to introduce a reactive discontinuity to a length of a 50Ω transmission line. The
magnitude of the reactive discontinuity as well as its position along the transmission
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line need to be adjustable with high enough precision. This tuner configuration has
the advantage of giving an intuitive feel of the impedance path while it is being
configured even without being directly calibrated, unlike more complex designs of
tuners with more than one stubs.
Since the development of a complex LP tuner system was beyond the scope of the
current work, a simple LP tuner as it is described above was selected to be used. The
transmission line has the microstrip structure and the discontinuity is introduced via
a parallel, open circuited stub, as shown in the figure 3.12. In this type of tuner both

Figure 3.12: A schematic of a basic fundamental load-pull tuner for microwave frequencies

the stub length and its position along the transmission line have to be adjustable.
Since copper foil was used as a stub and its length was difficult to be adjusted, a
set of eight (8) different stubs with different lengths varying from

λ
4

to

λ
2

was used.

Furthermore, for controlling the position of the stub along the line, it was attached
to a different position each time. Approximately thirty (30) different positions on
the line could be used, giving a total number of 240 points on the smith chart.
In more detail, the stub is responsible for moving the impedance of the circuit
away from the center of the smith chart by moving along the constant admittance
circle y = 1 + jx in the impedance smith chart. These eight (8) impedance points
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that occur on the smith chart by attaching the different stubs to the same point in
the transmission line are shown in figure 3.13.

Figure 3.13: Input impedance of the tuner device as described in figure 3.12 for eight
(8) different o.c. stub lengths, with lengthstub = λk

Now, by sliding the o.c. parallel stub along the transmission line each of the
impedance points shown in figure 3.13 is moving along a circle of constant radius.
For approximately thirty (30) different placement positions for the stub, the smith
coverage by this tuner is presented in figure 3.14.
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Figure 3.14: The total number of input impedance points - coverage that the tuner
device as described in figure 3.12 is providing

Although the Smith chart coverage by this tuner is not uniform, the 240 points
will provide us with the acceptable accuracy, while covering all of the smith chart with
the main advantage that the device which was built for this purpose had virtually
no cost.

3.3.5

Electronic Spectrum Analyzer

The electronic spectrum analyzer (ESA) was used to determine the output signal
characteristics and to contribute to the load-pull measurements. The ESA model is
8565EC from Agilent Technologies. The main features of the device are organized
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below:
• Operating frequency range from 9 kHz to 50 GHz
• +/-1.0 dB absolute amplitude accuracy
• -149 dBm/Hz displayed average noise level (DANL)
• ¡-113 dBc/Hz phase noise at 10 kHz offset
• Fast digital resolution bandwidths of 1 Hz to 3 MHz

3.4

Measurement Results: Output Impedance and
Maximum Achieved Extracted Power

From the load-pull measurements and for a set of different absorber section biasing
conditions, the output microwave impedance of the laser device is determined and
presented in figure 3.15.
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Figure 3.15: Output microwave impedance of the QDMLL 789A-AI #12 for an
absorber section biasing voltage of -2.5, -2.7, -3.1, -3.3, -3.5 Volts

We can see from figure 3.15 that the output impedance of the laser is not constant and it is changing for different absorber section values. For the difference in
the impedance though is not big. Another note that has to be made is that each
impedance corresponds to a different frequency, since each different biasing voltage
for the absorber will produce a different resonant frequency as it will be explain later
in the section.
After the correct matching was achieved, the maximum power for both the devices
789A-AI #12 and #13 was measured. The generated microwave power of both the
devices #12 and #13 is shown in the figures 3.16 and 3.17 respectively.
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Figure 3.16: Measured generated microwave output power for the QDMLL 789A-AI
#12, biased at a 65mA gain section current and -3V absorber section voltage, after
matching
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Figure 3.17: Measured generated microwave output power for the QDMLL 789A-AI
#13, biased at a 120mA gain section current and -5V absorber section voltage, after
matching

As we can see in figures 3.16 and 3.17, the generated power from the devices can
be considered to be sufficient for most of the microwave applications. The extracted
power is not amplified. Further amplification would increase the power level but it
might also affect some of the other signal characteristics, like the linewidth.
To understand the output behavior of the QDMLL in conjunction with the absorber section biasing voltage, another graph is given in figure 3.18, where the microwave output of the device 789A-AI #12 is presented for different absorber section
biasing conditions.
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Figure 3.18: Measured microwave output from the device 789A-AI #12 for an absorber section biasing voltage of -2.5, -2.7, -3.1, -3.3, -3.5 Volts

Finally, all of the measured output data for the device 789A-AI #12 are given in
the following table 3.3.
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Output
Vbias (Volts)

Pout (dBm) fr (GHz)

2.5
2.7
3.1
3.3
3.5

-11.83
-11.83
-10.83
-10.83
-11.00

4.992
4.991
4.986
4.985
4.984

linewidth (MHz)
1.57
1.23
0.99
1.43
1.46

Table 3.3: Measured output data for the device 789A-AI #12

3.5

Conclusions

The load-pull technique was efficient in tuning the device for a better output power
and calculating its output microwave impedance, overcoming the problems the other
measurement methods were presenting. Furthermore, an overall picture of the behavior of the quantum dot mode locked laser as a microwave source was acquired
with sufficient results to prove its advantages. The power of -10dBm and -6dBm
from the two devices that were used, without any amplifications, is sufficient for
most of the microwave applications today. In addition, one can note that the output
frequency drifts as a function of the absorber biasing voltage, while the output power
and impedance remain within certain limits. This reveals an interesting functionality of the laser, which could be used as an advantage in certain applications as it
is described in chapter 6. On the other hand it could also show how sensitive the
output frequency is to random basing voltage fluctuations, something that might be
undesirable in some applications and it is opening the way for a new idea, to injection
lock the QDMLL laser, the attempt of which is described in chapter 5.
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Wireless Transmission of the
Generated Microwave Signal of the
QDMLL

4.1

Introduction

A full microwave characterization of the QDMLL has been presented in the previous
section and its functionality as a microwave source has been demonstrated. As an
extension to the previous experiments, setting up a two point wireless link where the
laser can be used as a source feeding one of the antennas would further help toward
the understanding of the behavior of the laser device. The main question that had to
be answered is if the microwave circuits and antennas that were going to be attached
to the QDMLL would affect the functionality of the laser in general. Since the
microwave signal is being generated at the absorber section of the laser, any external
microwave circuit being connected to it could potentially change the laser’s operating
behavior. In addition to that, a wireless link experiment is giving the opportunity
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for testing different antenna types and absorber dc biasing configurations in terms
of how well they interact with the laser source and how they change - if they do, the
generated signal’s characteristics.

4.2

Experimental Setup

Two different antennas were used to transmit the microwave power from the QDMLL.
The first one is a simple microstrip square patch antenna. This antenna is microstrip
line fed and has an SMA connector attached to it for easier connectivity to the rest
of the microwave components. The rest of the setup remains the same with the
setup described in figure 3.2 on page 17. The second type of the antenna that was
used was also a microstrip patch antenna similar to the previous one, with the only
difference that it has a bias-tee incorporated into the design, allowing for biasing the
the absorber of the laser through the antenna. The two different antenna types that
were used can be seen in figures 4.1(a) and 4.1(b) respectively.

(a) Simple antenna element

(b) Antenna element with a built-in RF
choke

Figure 4.1: Microstrip patch antenna elements designed to transmit the generated
microwave signal from the quantum dot mode locked laser
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The simulated radiation pattern of the microstrip patch antenna is given in figure
4.2.

Figure 4.2: Simulated radiation pattern of the single microstrip square patch antenna
at 5GHz

The first antenna design allows for setting up the experiment in a way very similar
to the experiment described in figure 3.2 on page 17. All of the components connected to the laser remain the same besides the spectrum analyzer. The microstrip
antenna now takes the place of the spectrum analyzer to transmit the signal. In that
way the functionality of the laser is expected to remain approximately the same. Another microstrip patch similar to the first one is connected to the spectrum analyzer,
acting as a receiving antenna to capture the transmitted signal. A diagram of this
experimental setup is presented in figure 4.3.
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Figure 4.3: Basic experimental setup for wireless transmission of the generated microwave signal of a quantum dot mode locked laser by using a simple microstrip
patch antenna as a transmitting antenna

The second antenna allows for biasing through the absorber. The main idea
behind this design is compactness. In real applications were the laser device will be
packaged together with the rest of the microwave components on the same chip, a
bias-tee might not fit or be easy to fabricate. For this experiment the bias-tee is
removed from the setup and the absorber biasing is being done through the antenna.
In this case, the whole antenna circuit is becoming part of the absorber pad, so we
can observe any possible difference in the laser functionality. The experimental setup
diagram for this antenna is given in figure 4.4

Figure 4.4: Basic experimental setup for wireless transmission of the generated microwave signal of a quantum dot mode locked laser by using a microstrip patch
antenna with a built-in RF choke as a transmitting antenna

In both cases the two antennas were separated by a distance of 10cm. For this
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distance and if we only assume the free space losses, the link total loss can be
approximated as:
F SP L(dB) = 20 · log10 d(Km) + 20 · log10 f (GHz) + 92.45
= 20 · log10 10−4 + 20 · log10 5 + 92.45
= 26.4294dB

(4.1)

The directivity of the microstrip patch antenna is calculated by using an electromagnetic simulation software:
Dpatch (dBi) = 7.378dBi

(4.2)

We could conclude the above analysis by estimating the total power attenuation
expected to be seen at the received signal by simply adding the calculated gain and
loss together. This will give a rough estimation of the link loss, since in reality
losses from the connectors, cables and other components as well as losses from the
transmission of the signal will always exist. So, the total loss is:
Linkl oss(dB) = F SP L(dB) − 2 ∗ Dpatch
= 26.4294 − 14.756

(4.3)

= 11.6734dB

(4.4)

Finally, the operating points for the laser are presented in the table 4.1.
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Operating points

Value

Temperature of operation (o C)
Active region biasing current (mA)
Absorber biasing voltage (V)

25
65
3

Table 4.1: QDMLL operating points for the wireless transmission of the generated
microwave signal experiments as they are described in figures 4.3 and 4.4

4.3

Measurement Results

Only the received signal from the microstrip patch antenna was measured, by using
the ESA. For the first experiment where the transmitting antenna connected to the
QDMLL was a simple microstrip patch, the frequency spectrum of the received signal
is shown in figure 4.5.
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Figure 4.5: Receivesd microwave signal that was transmitted from the quantum dot
mode locked laser being configured according to the experimental setup of figure 4.5

For the second experiment where the laser biasing was being done through the
antenna element, the frequency spectrum of the received signal is shown in figure
4.6.
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Figure 4.6: Received microwave signal that was transmitted from the quantum dot
mode locked laser being configured according to the experimental setup of figure 4.3

From the above diagrams, the main signal characteristics are being extracted and
presented in table 4.2.
Characteristics
Antenna Type
Simple
With RF choke

Prec (dBm) fr (GHz)
-23.16
-24.5

4.986
4.983

linewidth (MHz)
0.06
0.37

Table 4.2: Received microwave signal characteristics comparison for the two different
experiments as described in figures 4.3 and 4.4 respectively

From the results as they are being presented above, it is clear that the transmitted
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signal form is changing depending upon the geometry, functionality and characteristics of the external microwave circuit or antenna that is being connected to the laser.
In more detail, we can observe the following for the output power, frequency and
linewidth of the generated and transmitted microwave signal of a QDMLL:
Power
By comparing the received power of both of the cases we can observe that it
remains approximately constant. Furthermore, by taking into account the link loss
that was calculated in the equation 4.3 we can easily observe that approximately there
aren’t any additional losses being introduces to the source because of the antennas
being attached. This leads to the conclusion that the generated microwave power
level in the QDMLL is not dependent upon the geometry and the characteristics of
the microwave circuits connected to the QDMLL nor the absorber geometry.
Frequency
As far as the frequency of the generated signal is concerned, we can see a significant drift in the generated frequency between the two different wireless link setups.
It is clear the the geometry of the externally applied circuit to the absorber plays
a role. Also, we can observe that the resonant microwave frequency from the setup
shown in figure 4.3 is the same with the resonant frequency acquired from the setup
shown on figure 3.2 on page 17 and presented in the table 3.3 on page 37 for an
absorber biasing voltage of 3.1V. This is expected since both of the experimental
setups in figures 4.3 and 3.2 respectively have the same biasing configuration or the
same dc absorber area. We can conclude that different biasing configurations or
different dc absorber areas affect the frequency of the generated microwave signal.
Linewidth
Finally, there is a difference in the linewidth of the generated signal between the
two wireless setups. The linewidth of the generated microwave signal from the setup
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as shown in figure 4.3 is significantly smaller than the one from the setup shown
in figure 4.4. The linewidth of any oscillator is directly dependent upon the losses
that are associated with it. The more losses an oscillator has the larger the output
linewidth is. In the current case, as we increase the dc area of the absorber by biasing
it through the antenna, it is expected that the linewidth starts to increase due to
the additional loss. Again we can conclude that by changing the absorber biasing
configuration or the geometry of the dc area of the absorber the linewidth will be
affected. We couldn’t compare the current linewidth results with the results acquired
in chapter 3 since the active region biasing conditions were different and because of
the linewidth broadening effect that is introduced as the biasing current increases,
the linewidths of the two cannot be compared.
To sum up the observations, connecting an external circuit to the absorber of
the laser is not going to affect the generated power of the laser, but it can de-tune
the output frequency of the generated signal as well as change the linewidth of it.
Although the study of the subject was not extensive, we can relate the frequency
drift to the geometry of the external circuit and more specifically to the geometry of
the dc area of the absorber of the QDMLL and the linewidth change to the losses
this circuit is introducing to the absorber.

4.4

Conclusion

Although the QDMLL generates a high quality microwave signal with sufficient
power, it can easily de-tuned in terms of frequency and linewidth by the various
different circuits and antennas that are attached to it. The current chapter didn’t
provide the required in depth analysis that it is needed in order to completely understand the behavior of the device because of the specific available time frame, but
it is an important step for the future the parameters that affect the laser behavior
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to be narrowed down. Also, a direct observation for the experiments outcome in the
current chapter is that a characterization of the device as a microwave source for
the specific geometry and biasing configuration within the environment of which the
device is going to be used is essential
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Chapter 5
Injection Locking of Multiple
QDMLLs - The Idea of Power
Combining

5.1

Introduction

In the previous chapters, the single QDMLL laser was characterized and sufficient
power could be extracted and transmitted from it. The next important question is if
multiple QDMLLs could be used in parallel, as active modules, for power combining.
This method is commonly used to combine the power of multiple sources as a cheap
and effective way of amplification [15]. Although microwave amplifiers can be used
to achieve the required output power for a system, the can be very expensive and
inefficient especially when the frequency becomes high. Another disadvantage of
using amplifier components is the degradation of the linewidth they introduce to
the signal. Contrary to that, by simply fabricating an array of cheap sources and
combining the power of them together, the cost will remain low and the linewidth will
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improve. To study the injection locking properties of the QDMLL as a microwave
source, an external microwave reference signal was injected to the absorber section
of the QDMLL through a quasi-circulator and the output of the laser was studied.
This technique is known as “hybrid mode-locking” [22, 19].

5.2

Microwave Injection Locking - Laser Hybrid
Mode Locking

In the injection locking experiments of any type of source, a circulator device needs
to be used to allow for the proper routing of the signals of the devices. A theoretical
setup of the injection locking experiment is given in figure 5.1. Since the power level
of the injected signal is usually high, the circulator is an important component that
prevents this power from going to the measurement equipment.

Figure 5.1: Basic injection locking setup

For the current experiments, the use of a circulator device was avoided and a 6port passive microstrip quasi-circulator was used instead. Although true circulators
are making use of ferrite materials to achieve the required coupling factors between
the ports, circuits like the one that was designed and fabricated for the current
experiment can imitate the behavior of the circulator in a way to allow for the
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injection locking experiment to be performed [3, 4]. The picture of the designed
6-port quasi-circulator is given in figure 5.2.

Figure 5.2: The 6-port passive microstrip quasi-circulator that was designed to allow
for the injection locking experiment as it is described in figure 5.1. The ports of the
quasi-circulator are numbered

The ADS software was used to design the quasi-circulator. It consists of three
quadrature hybrid circuits connected together in a way that is providing the required
coupling coefficients and imitates the circulator functionality. The design schematic
is given in figure 5.3.
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Figure 5.3: The ADS design schematic of the 6-port passive microstrip quasi-circulator as it is shown on figure 5.2
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The simulation results of the circuit presented in figure 5.3 are shown in figure
5.4.

Figure 5.4: The simulated S-parameters of the circuit presented in figure 5.3

5.3

Experimental Setup

To study the injection locking properties of the QDMLL, an external signal with a
power up to 22dBm was injected to the absorber section of the laser (hybrid modelocking). Furthermore, the absorber biasing condition for the laser was being varied
as a parameter in the experiment. For each measurement step, the locking range of
the device was found for a number of different injection power ratios. The quasi-
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circulator of figure 5.2 was setup as described in figure 5.5, based on the S-parameters
in figure 5.4.

Figure 5.5: Quasi-circulator configuration for the injection locking experiment

The actual setup of the injection locking / hybrid mode-locking experiment is
described by the pictures in figures 5.6 and 5.7.
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Figure 5.6: Injection locking / hybrid mode-locking experiment setup involving the
QDMLL at different absorber section biasing voltages and at 120mA gain section
biasing current, as well as an external reference signal
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Figure 5.7: Injection locking / hybrid mode-locking experiment setup involving the
QDMLL at different absorber section biasing voltages and at 120mA gain section
biasing current, as well as an external reference signal

5.4

Results

The components that were described in the previous section were put together for
the experimental procedure to be followed. From the measurement results it was
proven that the QDMLL microwave output signal can be effectively locked to an
external reference microwave signal by injecting the reference signal to the absorber
section of the laser or in other words performing hybrid mode-locking. First, to
present the mode locking effect as it was seen on the spectrum analyzer screen, two
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figures are presented, 5.8(a) and 5.8(b) respectively. The two figures correspond to
the behavior of the QDMLL device 789A-AI #13, being biased with 120mA current
at the gain section and with -3V at the absorber section, under the injection of an
external signal with power of 15dBm. Figure 5.8(a) shows the microwave output of
the device while the source signal is not present - switched off. That is described as
the free-running frequency of the oscillator. Figure 5.8(b) shows the laser frequency
being pulled and locked with the frequency of the external signal.
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(a) Free running microwave output of the QDMLL. The external reference
source is switched off

(b) QDMLL microwave output locked to the external source signal

Figure 5.8: Injection locking presentation for the QDMLL device 789A-AI #13, with
a gain section biased at 120mA and an absorber section biased at -3V, being injected
with a reference signal with a power of 15dBm
58

Chapter 5. Injection Locking of Multiple QDMLLs - The Idea of Power Combining

As we can observe from figure 5.8, the laser free-running frequency is being
changed under the locking condition. When the frequency of the external source
is approaching the laser resonating frequency closer than a limiting distance, the
QDMLL microwave output is being pulled and locked in the frequency spectrum
with the reference source.
Before we move on to the description of the parameters that affect the injection
locking behavior of the specific device, it is essential to describe the steps and the
behavior of the device in between the locked and the unlocked states. To be more
specific, the frequency spectrum of the signals doesn’t appear as it would in case each
one was measured alone. Since the signal before the locking takes place interfere to
each other, modulation effects will be present. Figure 5.9 shows four different states of
the frequency spectrum as the QDMLL generated microwave signal and the external
reference signal interfere with each other. The QDMLL is biased with a current of
120mA at its gain section and a voltage of -5V at its absorber section. The external
source has a power of 22dBm.
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(a) QDMLL frequency: 4.98017GHz. Ex- (b) QDMLL and source frequency touching
ternal source frequency: 4.88314GHz

(c) Very close to locking

(d) QDMLL frequency: 4.98017GHz. External source frequency: 4.98037GHz

Figure 5.9: Different steps before the locking for the QDMLL device 789A-AI #13,
with a gain section biased at 120mA and an absorber section biased at -5V, being
injected with a reference signal with a power of 22dBm

In all of the results in figure 5.9 we can observe that the QDMLL generated microwave signal is being modulated by the external signal. This is obvious even when
the two frequencies are far away from each other as it is shown in figure 5.9(a) where
we can see the upper side band of the modulated signal. As the two signals approach
closer, we can also observe additional harmonic frequencies of the modulation. These
frequencies can be clearly seen in figure 5.9(d). These modulation harmonic frequencies exist only on one side of the laser frequency. A possible explanation for that
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effect is that these frequencies might be locked to the external source frequency on
the other side. Finally, the spectrum picture when the two frequencies are very close
to each other, before the locking occurs, is given in figures 5.9(b) and 5.9(c) respectively. Although it’s not clear the modulation harmonics still exist. These additional
frequencies of the spectrum are being suppressed only during the locking state.
Although the general picture of the injection locking / hybrid mode-locking mechanism has now been given, the parameters that affect the injection locking and more
specifically the locking range versus the injection ratio are yet to be presented. In
more detail, the locking range and the injection ratio are the two most important
parameters that need to be extracted from the measurement data in order to quantitatively describe the locking behavior of the QDMLL, by determining the power
ratio needed to successfully lock the laser device for a specific frequency distance
or the frequency separation that is needed for the locking to occur given the power
ratio of the two signals. From the measurement data that we have obtained, the
injection locking graph can be now constructed, to present the locking range versus
the injection power ratio. The graph is shown in figure 5.10.
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Figure 5.10: Injection locking graph presenting the locking range versus the injection
ratio, for the QDMLL 789A-AI #13 under a gain section biasing current of 120mA
and an absorber section biasing voltage of -2V, -3V, -4V and -5V

As we can see from the injection locking graph, as the power ratio of the signals
increases, the locking range also increases. This is expected since the stronger the
injected signal is the more efficiently it can affect the laser generated signal and detune it from further frequency points in the spectrum. To provide an intuitive feel
of this effect, three graphs are constructed and presented in figures 5.11, 5.12 and
5.13 respectively. Each graph corresponds to a different absorber biasing voltage for
the absorber section of the laser 789A-AI #13 and thus a different generated power.
For each laser biasing condition the injected singnal power is varied to show how the
locking range will be affected. Each graph includes the free-running laser signal as
well as the locked signal under the injection of these different power levels.
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Figure 5.11: Free-running laser generated microwave signal and locked signals for
the QDMLL 789A-AI #13 under a gain section biasing current of 120mA and an
absorber section biasing voltage of -2V. The injected signal has a power of 16dBm,
18dBm and 20dBm
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Figure 5.12: Free-running laser generated microwave signal and locked signals for
the QDMLL 789A-AI #13 under a gain section biasing current of 120mA and an
absorber section biasing voltage of -3V. The injected signal has a power of 15dBm,
17dBm, 19dBm and 22dBm
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Figure 5.13: Free-running laser generated microwave signal and locked signals for
the QDMLL 789A-AI #13 under a gain section biasing current of 120mA and an
absorber section biasing voltage of -4V. The injected signal has a power of 11dBm,
15dBm, 17dBm and 22dBm

It is clear from the figures 5.11, 5.12 and 5.13 that as the power of the injected
signal increases the frequency distance that the laser frequency can be pulled from
increases.

5.5

Optical Injection Locking

Another way to lock the microwave frequencies of the QDMLLs so they can be
combined in parallel could be to use injection locking to lock some of the optical
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resonant frequencies inside the laser cavity. Since the output microwave signal can
be considered as the result of the beating of the optical modes of the laser cavity
in the absorber section of the laser (reverse biased diode - acts like a detector),
an interesting way to do the locking in the optical domain could be to lock two
at least adjacent lasing modes. In this case, the output microwave signals from
the locked devices will have exactly the same frequency, while the phase difference
between them will rely on the time delay that the connecting fiber introduces. An
optical network that provides a tunable “true time delay” could be used in between
the lasers to allow for the selection of the output microwave signal phase difference
scheme. Such configuration is allowing for the implementation of a lower cost and
of high bandwidth and processing speed beamforming system, that can be used in
wideband phased antenna arrays.

5.6

Conclusion

The current chapter showed that microwave injection locking can be used to actively
mode lock the quantum dot mode locked laser to an external reference signal. The injection locking procedure and its characteristics have been described and presented in
the graphs of the previous section. This opens the way for a plethora of applications
in both the microwave as well as the optical frequencies, with the most important
of them the power combination. Furthermore, the idea of combining the power of
the QDMLL sources in an active antenna array is also possible, where the phase
difference in which the multiple generated signals lock could be provide additional
functionality. The design of an active, QDMLL fed antenna array is the subject of
the next chapter.
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A QDMLL Fed Active Microwave
Antenna Array with Locked
Sources

6.1

Introduction

In the previous chapter, it was shown that the generated microwave signal of the a
QDMLL can be effectively locked to an external reference microwave signal through
injection locking. As it was stated, a major advantage of this configuration is that a
number of QDMLLs can be simultaneously used for power combining and amplification [15]. Although the injection locking effect was studied in terms of the frequency
of the generated microwave signal, there is another factor that plays a role in most
of the applications, the phase difference between the locked signals. When two or
more sources are being locked together during the injection locking, they will eventually have the same frequency but a constant phase difference that is analogous to
the initial frequency difference or how far the sources were pulled away from their
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free-running frequency to get locked with the reference signal [9, 17, 15]. That means
that each source will produce a signal with a phase dependent upon its free-running
microwave frequency. This effect in combination with the fact that the laser source
generates a microwave signal with a different frequency for different absorber section biasing voltages, brings the idea of a a quantum dot laser fed active microwave
antenna array with injection locked sources. To elaborate further, more than one
QDMLLs could be used as sources at the same time operating at the same frequency
in an active microwave antenna array, where each source is feeding a different element or group of elements, with beam steering functionality that is being introduced
by controlling the biasing voltage of the absorber of each laser device. To test if the
above mentioned idea is feasible, the active antenna array was built and radiation
pattern measurements were performed.

6.2

The Active Microwave Antenna Array

The purpose of the current section is to describe in detail how an active microwave
antenna array with QDMLLs as sources could be implemented and to additionally
present the transmitter that was used for the measurements in the current chapter.
Although there are active antenna arrays that use multiple sources, each in different
frequency, by no means we can claim that these sources work together since each
source is responsible for a different beam of the antenna. In order for the sources to
work together in an active antenna array and benefit the power amplification and the
signal stability, locking the sources together in frequency is the most important and
essential step that needs to be taken [9, 17, 15]. In this context, the methodology
described in the previous chapter needs to be also applied in the current work. The
QDMLLs need to be injection locked before they are tested for their operation in an
active antenna array.
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The figure 6.1 shows a possible configuration of multiple QDMLL sources as an
active antenna array. The sources have to be locked together and the microwave
signals are being combined in free space [15]. The free-running frequency of each
laser can be controlled by changing the absorber section biasing voltage, which in
turn changes the phase difference of the generated signals and the way they combine
in free space - the main beam direction.

Figure 6.1: Theoretical diagram of an active, QDMLL fed microwave antenna array
with locked sources

For the actual experiment, instead of integrating the laser sources to the antenna
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elements, thus building an active antenna array, a simple antenna array of two microstrip patch elements with coaxial cable connections to the sources was used. The
antenna system allowed for the testing of the injection locking and phase shifting
capabilities, as well as the radiation pattern measurement. The microstrip patch
array is shown in figure 6.2. Each of the elements has its own independent input
with an SMA connector attached to it, in order for different sources to be connected
to different elements.

Figure 6.2: Two element microstrip patch antenna array

In addition, only one laser source was used in the current experiment. The external reference signal was feeding the second antenna and at the same time injecting
the QDMLL to lock it. For these connections, the microwave quasi-circulator that
was fabricated for the experiments in the previous section was used again, and a
diagram of the connections that were made is presented in figure 6.3.
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Figure 6.3: Microwave quasi-circulator (fig. 5.2) connections that allow for an external RF source to injection lock a QDMLL and feed one antenna element at the same
time, as well as to allow for the QDMLL feeding of the other antenna element

The simulated S-parameters of the quasi-circulator that was used are shown in
figure 6.4.
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Figure 6.4: The simulated S-parameters of the circuit presented in figure 5.3

6.3

Experimental Setup

For the radiation pattern measurements, the setup of figure 6.5 was used. The
microstrip patch antenna elements of the antenna array were mounted on a rotating
pole inside the anechoic chamber, for the horizontal 2D radiation pattern to be
constructed. The antennas were connected to the transmitting unit, which is depicted
in figure 6.5. From the other end, a wideband horn antenna was used as a receiving
antenna and it was connected to the receiver of the anechoic chamber measurement
equipment.
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Figure 6.5: Radiation pattern measurement setup for the microwave antenna array

A picture of the setup is shown in figure 6.6

Figure 6.6: Actual radiation pattern measurement setup as described in figure 6.5
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Outside of the anechoic chamber, the laser was mounted. A descriptive picture
of the laser setup outside of the chamber is given in figure 6.7.

Figure 6.7: Laser setup outside of the anechoic chamber to feed the microwave
antenna array for the radiation pattern measurements, as they are described in figure
6.5

For the injection locking, the quasi-circulator was mounted close to the antenna
elements. A figure of it is given in figure 6.8.

74

Chapter 6. A QDMLL Fed Active Microwave Antenna Array with Locked Sources

Figure 6.8: Microwave quasi-circulator connected to the antenna array as described
in figure 6.3

Finally, the generated signal from the laser as well as the external source signal
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had to be modulated with an 1KHz square wave function before they fed the antenna
elements, because of the radiation pattern measuring equipment in the lab wouldn’t
allow for CW signal detection. The mixers as well as the additional source that was
used is shown in figures 6.10 and 6.9 respectively.
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Figure 6.9: From bottom up, spectrum analyzer, modulating source and antenna
array source as they used in the antenna radiation pattern measurements described
in figure 6.5
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Figure 6.10: Mixer connections to the quasi-circulator to allow for a modulation of
the generated microwave signals with an 1KHz square wave before they feed the
antenna elements, to overcome the receiver equipment limitations for the anechoic
chamber radiation pattern measurements as they are described in figure 6.5

6.4

Measurements

From the above experimental procedure the radiation pattern of the QDMLL fed
microwave antenna for for different locking frequency spacings have been acquired.
The four radiation patterns are shown in figure 6.11.
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(a) f = 4.989930 GHz

(b) f = 4.990433 GHz

(c) f = 4.990396 GHz

(d) f = 4.990381 GHz

Figure 6.11: Measured radiation patterns of the antenna array as it is presented in
figures 6.2 and 6.3, for four different RF source frequencies within the locking range
of the QDMLL

From the form of the radiation patterns of the antenna, it can be proven that
the setup is functioning properly since the power is being combined and the array
radiation pattern is being produced, something that couldn’t be the case if the signals were not locked. But, although the frequency of the external source is varied
within the locking range of the QDMLL, the radiation pattern shows no variation
in the direction of the maximum of the radiation. Contrary to what was expected,
the main beam of the antenna array cannot be steered by varying the free-running
frequency of the QDMLL oscillator. This is possibly happening because of the small
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phase difference between the two locked signals or in other words the small locking
range of the QDMLLs. The small differences between the different radiation pattern graphs can be attributed to the measurement system inaccuracies. From the
antenna array simulations, we conclude that the measured radiation pattern occurs
for a phase difference between the antenna elements of 62 degrees. The simulated
radiation pattern of the antenna array, for a phase difference of 62 degrees, is shown
for comparison in figure 6.12.

Figure 6.12: Simulated radiation pattern for the antenna array shown in figure 6.2,
for a phase difference of 62 degrees and equal amplitude between the feeding of the
elements

As a final step and only for comparison purposes the radiation pattern of the
antenna array when the two antenna elements are connected to two independent but
with the same frequency, without the laser source and with a phase difference close
to zero was measured and it is presented in figure 6.13.
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Figure 6.13: Measured radiation pattern of the antenna array as it is presented in
figure 6.2

The simulated version of the radiation pattern of figure 6.13 is shown in figure
6.14.
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Figure 6.14: Simulated radiation pattern for the antenna array shown in figure 6.2,
for a phase difference of 0 degrees and equal amplitude between the feeding of the
elements

6.5

Conclusion

The wireless transmission of the combined generated microwave signals of multiple
quantum dot mode locked lasers, locked together by injection locking, gives the
advantages of high power, low jitter and small linewidth signal. Furthermore, the
system cost is greatly reduced, providing sufficient efficiency at the same time. The
construction of a microwave antenna for such purposes was demonstrated in the
current chapter. An active antenna array can be designed to operate in a similar
way and to further reduce the system size. Although the power can be combined
and correctly transmitted from the fabricated antenna, the beam steering experiment
didn’t give any interesting results. Simple QDMLL free-running frequency control is
not sufficient for locking the signals with a big phase difference, mainly due to the
small locking range, to have an effect in the main beam position.

82

Chapter 7
Conclusion - Future Work

7.1

Conclusion

In this thesis the Quantum Dot Mode Locked laser has been studied as a microwave
source. The characteristics of the generated signal have been presented and device
has been characterized, mainly by measuring its output impedance by using the loadpull technique. The extracted power of the laser was as high as -6dB, approximately
40dBm more than the reported power levels so far. This step allowed for the study of
the generated microwave signal in different applications. The wireless transmission
of the generated microwave signal was achieved with practically zero losses and the
study of the different absorber section geometry and biasing configuration was shown
to affect the laser functionality. This is an important result that brings up the importance of the microwave analysis and study of the QDMLL while being connected
to the microwave circuit that is going to be used for a given application. Finally,
the injection locking properties of the laser were studied and the locking graphs and
diagrams were created. Although it was not an in-depth analysis, it allows for the
description of the behavior of the laser under the effect of an injected signal and
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proves that the device can be used in parallel with other devices for power combination - amplification, signal stability and efficiency. A locking range up to 325KHz
was demonstrated at an injection ratio of 30dB. An active QDMLL fed microwave
antenna array was also designed to accommodate for this capability and to research
the possibilities of beam steering by changing the biasing conditions of the absorber
section of the laser. The antenna array was functioning properly and the radiation
patterns were measured for different free-frequencies frequencies of the laser, but the
phase offset of the locked, QDMLL generated microwave signal was not sufficient to
allow for beam steering functionality.

7.2

Future Work

One important aspect of the microwave signal generation from a QDMLL that was
not studied or researched is how the microwave output of the laser relates to its
optical output. Since the optical signal or the optical pulse inside the laser cavity
is being converted to a microwave pulse at the absorber section, it is logical to
assume that the worse the optical power of the laser is or in other words the better
the optical confinement in the laser cavity is, the better the microwave power or
conversion efficiency should be. To this extend, a number of different laser devices
need to be studied for both their optical and microwave signal characteristics for the
corresponding conclusions to be made.
Furthermore, as it was shown the geometry of the absorber section of the laser
affects the functionality of the laser. This could sufficiently be proven in the current
work by interchanging two different antenna elements, but a more in-depth analysis
of the effect needs to be made. Ideally, a model could be created to predict the
behavior of the laser for different geometries without additional measurements to be
needed.
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For the injection locking, it would be necessary to measure the phase difference
between the two or more locked laser signals with an oscilloscope. Without at least
an estimation of the phase difference of the locked signals any possible application
would require further tuning. Also, for a more complete active antenna array design
a system with more than one laser devices as sources and with different ways of
coupling for the injection of the reference signal could be studied and tested. The
injection locking of the optical pulse output of two or more QDMLLs is also an
application which would allow for optical control and beamforming of the antenna
arrays fed by the involved laser devices, something that was not demonstrated in the
current work due to the existing problems in the light coupling.
Finally, microwave circuits and antennas have to be fabricated on the same wafer
with the laser as part of its absorber section, for a complete characterization of an
integrated and compact system that would expose the details and problems such a
system could have.

85

References
[1] V. Camarchia, V. Teppati, S. Corbellini, and M. Pirola, Microwave measurements part ii non-linear measurements, Instrumentation Measurement Magazine, IEEE 10 (2007), no. 3, 34 –39.
[2] J.B. Carvalho, M.M. Mosso, V.P.R. Magri, J.A.M. Souza, G.C.F. Navarro,
R.N.R. Filho, and G.M. Barbosa, An ultra low cost bias tee unit, Microwave
Optoelectronics Conference (IMOC), 2011 SBMO/IEEE MTT-S International,
29 2011-nov. 1 2011, pp. 199 –202.
[3] S. Cheung, T. Halloran, W. Weedon, and C. Caldwell, Active quasi-circulators
using quadrature hybrids for simultaneous transmit and receive, Microwave Symposium Digest, 2009. MTT ’09. IEEE MTT-S International, june 2009, pp. 381
–384.
[4] S.K. Cheung, T.P. Halloran, W.H. Weedon, and C.P. Caldwell, Mmic-based
quadrature hybrid quasi-circulators for simultaneous transmit and receive, Microwave Theory and Techniques, IEEE Transactions on 58 (2010), no. 3, 489
–497.
[5] Steve C. Cripps, Rf power amplifiers for wireless communications, Artech House,
Norwood, MA, USA, 2006.
[6] Eugene A. Avrutin Edik U. Rafailov, Maria A. Cataluna, Ultrafast lasers based
on quantum dot structures, WILEY-VCH, Weinheim, Germany, 2011.
[7] F.M. Ghannouchi and M.S. Hashmi, Load-pull techniques and their applications
in power amplifiers design (invited), Bipolar/BiCMOS Circuits and Technology
Meeting (BCTM), 2011 IEEE, oct. 2011, pp. 133 –137.
[8] Guillermo Gonzalez, Microwave transistor amplifiers, Prentice-Hall, Upper Saddle River, NJ, USA, 1997.

86

References

[9] P.S. Hall, I.L. Morrow, P.M. Haskins, and J.S. Dahele, Phase control in injection
locked microstrip active antennas, Microwave Symposium Digest, 1994., IEEE
MTT-S International, may 1994, pp. 1227 –1230 vol.2.
[10] J. H. Kim, A compact rf/photonic antenna using a quantum dot mode locked
laser as a source, Doctoral dissertation, The University of New Mexico, Albuquerque, NM, USA, dec. 2010.
[11] J.H. Kim, C.G. Christodoulou, Z. Ku, C.-Y. Lin, N.A. Naderi, L.F. Lester, and
J.P. Kim, A bowtie slot antenna coupled to a quantum-dot mode locked laser,
Antennas and Propagation Society International Symposium, 2009. APSURSI
’09. IEEE, june 2009, pp. 1 –4.
[12] J.H. Kim, C.G. Christodoulou, Z. Ku, Y.-C. Xin, N.A. Naderi, and L.F. Lester,
Quantum-dot laser coupled bowtie antenna, Antennas and Propagation Society
International Symposium, 2008. AP-S 2008. IEEE, july 2008, pp. 1 –4.
[13] J.H. Kim, L.F. Lester, C.G. Christodoulou, and K. Jungphill, Quantum-dot
mode locked laser integrated bowtie antenna, Antennas and Propagation, 2009.
EuCAP 2009. 3rd European Conference on, march 2009, pp. 2799 –2802.
[14] C.-Y. Lin, Y.-C. Xin, J.H. Kim, C.G. Christodoulou, and L.F. Lester, Compact
optical generation of microwave signals using a monolithic quantum dot passively
mode-locked laser, Photonics Journal, IEEE 1 (2009), no. 4, 236 –244.
[15] Jenshan Lin and T. Itoh, Active integrated antennas, Microwave Theory and
Techniques, IEEE Transactions on 42 (1994), no. 12, 2186 –2194.
[16] Jia-Ming Liu, Photonic devices, Cambridge University Press, Cambridge, UK,
2009.
[17] J.A. Navarro and K. Chang, Electronic beam steering of active antenna arrays,
Electronics Letters 29 (1993), no. 3, 302 –304.
[18] David M. Pozar, Microwave engineering, John Wiley & Sons, Amherst, MA,
USA, 2005.
[19] M. Schell, A.G. Weber, and D. Bimberg, Hybrid mode-locking of semiconductor lasers, Lasers and Electro-Optics Society Annual Meeting, 1993. LEOS ’93
Conference Proceedings. IEEE, nov 1993, pp. 294 –295.
[20] A. J. Seeds and K. J. Williams, Microwave photonics, Lightwave Technology,
Journal of 24 (2006), no. 12, 4628 –4641.

87

References

[21] A.J. Seeds, Microwave photonics, Microwave Theory and Techniques, IEEE
Transactions on 50 (2002), no. 3, 877 –887.
[22] M. G. Thompson, D. Larson, A. R. Rae, K. Yvind, R. V. Penty, I. H. White,
J. Hvam, A. R. Kovsh, S. S. Mikhrin, D. A. Livshits, and I.L. Krestnikov, Monolithic hybrid and passive mode-locked 40ghz quantum dot laser diodes, Optical
Communications, 2006. ECOC 2006. European Conference on, sept. 2006, pp. 1
–2.
[23] Jianping Yao, Microwave photonics, Lightwave Technology, Journal of 27
(2009), no. 3, 314 –335.

88

